Hybrids produced by crossing Drosophila virilis females to D. lummei males suffer from many developmental anomalies; the reciprocal hybridization yields normal offspring. Genetic analysis reveals that these anomalies involve a maternal effect: whether or not an individual will show an anomaly depends upon his mother's nuclear genotype. Several lines of evidence suggest that the proximal cause of the anomalies is the elimination of the D. lummei microchromosome (chromosome 6) from hybrids. Loss of the D. lum,nei microchromosome in this hybridization is known to involve a maternal effect (Evgen'ev, 1973) , as mitosis in early development is under the control of maternally-acting genes.
INTRODUCTION
Developmental and morphological anomalies are common among species hybrids. Drosophila melanogaster-D. simulans hybrids, for example, often suffer from missing bristles and incomplete scierotization of the abdomen (Sturtevant, 1920 (Sturtevant, , 1929 . Unfortunately, almost nothing is known about the genetic causes of such hybrid anomalies.
Elucidation of the basis of these anomalies may throw some light on speciation. In particular, it will be useful to determine whether the genetic basis of developmental anomalies more closely resembles the basis of hybrid inviability/sterility or that of normal morphological differences between species. We know that the former phenomena affect hybrid males more than females (Haldane's rule), involve a large effect of the X chromosome , and often show maternal effects (Orr, 1989) . The genes underlying morphological differences between species, however, do not map disproportionately to the X (see Coyne and Orr, 1989) , and do not seem to involve frequent maternal effects. As Coyne and Orr (1989) note, certain explanations of these different patterns predict that morphological/developmental anomalies in hybrids will behave like postzygotic isolation (e.g., obey
Haldane's rule and show a large effect of the X), while other explanations predict that the "genetic architecture" of morphological anomalies will resemble the architecture of normal morphological differences between species. During a study of the basis of postzygotic isolation in the yin/is group of Drosophila , we noticed that hybrids between D. virilis and D. lummei frequently showed several morphological anomalies. The following anomalies were observed: greatly reduced eye resembling the "eyeless" mutation of D.
tnelanogaster (usually only one eye affected), unequal wing lengths, broken or incomplete wing veins, twisted abdomen, and missing or reduced thoracic bristles. The first three anomalies were particularly common. Anomalies only appeared when D. virilis females were crossed to D. lummei males; the reciprocal cross yielded normal progeny. This result was previously reported by Sokolov (1948 Sokolov ( , 1959 (although he misidentified D. lummei as "D. littoralis" (Throckmorton, 1982) ). As the D. lummei strains that Sokolov found to produce the most frequent anomalies have been lost, little additional work on these anomalies has been undertaken (however, as this paper goes to press, an abstract by Heikkinen and Lumme (1989) texana Morrilton were also made. The method used to determine the genetic basis of the hybrid anomalies is similar to that used by Orr and Coyne (1989) to analyse the basis of hybrid sterility in the D. virilis group: D. virilis flies carrying morphological markers are hybridized with wild-type D. lummei flies, and the fertile F1 hybrids are backcrossed to either parental species. By correlating the presence of hybrid anomalies with particular markers, one can determine which chromosomes play a large role in the production of the anomalies. Inmost cases only the X chromosome carried a marker, allowing one to separate the effects of the X from that of the unmarked autosomes. The following anomalies were scored:
(1) reduced eye ("eyeless"); (2) obvious wing length asymmetries; (3) wing vein anomalies (usually broken or missing veins; more rarely, small extra vein-segments appeared and were included in this category).
As preliminary results demonstrated that the D. virilis cytoplasm plays a large role in the production of anomalies, most crosses were designed to determine whether this effect results from a maternal effect (i.e., a mother's nuclear genotype determining her progeny's phenotype) or from a true cytoplasmic effect (e.g., an endosymbiont or mitochondrial gene). The role of an endosymbiont was tested by rearing flies on tetracycline, following the protocol of Hoffman and Turelli (1988 Table 1 Number of individuals showing various developmental anomalies in pure species, F1 hybrids, and hybrid backerosses. In this and all subsequent tables, V = D. yin/is and L = D. lummei. In a cross, the species origin of the maternal species is given first, followed by the paternal species, e.g., VL D. per cent anomalous, respectively; x2 = 121, df= 3, P>O•75) . Therefore, the hybrid anomalies do not obey Haldane's rule.
The reciprocal cross does not produce anomalous progeny (table 1) . The difference between the frequency of anomalies in the two reciprocal hybridizations is highly significant (for females, x2 = 10144, df= 3, P <O0OOl; for males, df=3, P<O.000l). Because the F1 females from the two reciprocal hybridizations possess the same nuclear genotype, production of the developmental anomalies must involve the cytoplasm. There are two ways this can occur: production of anomalies may depend upon the nuclear genotype of a hybrid's mother (a "maternal effect"), or may involve some autonomous cytoplasmic agent, e.g., a mitochondrial gene or an endosymbiont to which D. yin/is is resistant (a "cytoplasmic effect").
To test for the presence of an endosymbiont, the D. virilis w female x D. lummei male hybridization was performed, and progeny reared, on medium containing tetracycline. Control crosses were run on medium lacking tetracycline. Tetracycline treatment did not cure the hybrid anomalies (table 2) . Indeed, more anomalies appeared among hybrids receiving the tetracycline treatment (x2 = 5473, df=3, P<00001). While this result does not rule out the endosymbiont-hypothesis (a tetracycline-insensitive microorganism could be involved), it suggests that it is worthwhile to test for maternal effects.
To determine whether the anomalies depend on maternal genotype or merely on the presence of D. virilis cytoplasm, I crossed hybrid F1 females carrying D. yin/is cytoplasm to D. /ummei males. Table 1 shows that F1 females produce far fewer anomalous progeny than do pure D. virilis females crossed to the same males (3 vs. 25 per cent, respectively; pooling homogeneous female and male data, 2=6345, df=3, P<O0001). This suggests The results are unambiguous: these hybrid females do produce anomalous offspring when crossed to D. himmei males, despite the fact that their cytoplasm ultimately derives from D. lummei (table 3) . This proves that hybrid anomalies do not result from an endosymbiont or mitochondrial gene, but from a maternal effect. The data also suggest that the maternally-acting genes are not X-linked. As the maternally-acting alleles from D.
yin/is must be nearly recessive, white (Xri,/ X1) backcross females should produce more anomalous progeny than wild-type (X,jij/Xiummej) females if the genes are X-linked.
In fact, these females produce an equal number Gubenko and Evgen'ev, 1984) , the left ends of the X are apparently homosequential (see Throckmorton, 1982 , and references Sokolov (1948 Sokolov ( , 1959 showed that the tiny D. lummei sixth chromosome is frequently eliminated from D. virilis female x D. lummei male hybrids, but not from hybrids from the reciprocal cross. He demonstrated that this non-reciprocality results from a maternal effect, not from some independent cytoplasmic agent. Evgen'ev (1973) and Evgen'ev and Sidorova (1976) further showed that loss of the microchromosome involves maternally-acting "mitosis genes" from D. yin/is on the second and fourth chromosomes (mitotic division in early development is under the control of maternally-acting genes). These D. yin/is alleles are nearly completely recessive (Evgen'ev and Sidorova, 1976) . These similarities suggest that the hybrid developmental anomalies may result from loss of the D. lummei microchromosome during development.
To test this possibility, I performed two additional experiments. First, Evgen'ev and Sidorova (1976) showed that elimination of the D. lummei microchromosome in D. yin/is cytoplasm is temperature-sensitive: loss is far more frequent at lower temperatures. I thus crossed D. yin/is w females to D. /ummei males at 18°C vs. 22°C. Low temperature treatment greatly increases the frequency of developmental anomalies (table 4, pooling homogeneous female and male data, x2 = 11084, df= 1, P < 00001; because anomalies were so common at 18°C, producing many hybrids carrying multiple anomalies, flies were simply scored as "anomalous" or "normal").
Next, I determined whether hybrids who had lost the D. lummei microchromosome were more likely to show anomalies than hybrids who had not lost a microchromosome. Loss of the D. lummei microchromosome is easily detected among is lost, the observed association between the appearance of the anomalies and of the glossy phenotype will be imperfect for two reasons. First, one cannot detect all anomalies (many may be too subtle or may be internal (Sokolov, 1959) Control crosses show that microchromosome loss is very rare within the species D. virilis (table  5, table 5 shows, less than 4 per cent of D. virilis-D. novamexicana hybrids show any discernible anomaly. All these anomalies were very slight, usually involving subtle disturbances in wing venation. Loss of the D. novamexicana microchromosome is also fairly rare (<3 per cent); loss never occurred early enough in development to produce an entirely glossy eye. Anomalous flies are significantly more likely than normal flies to be glossy mosaics (x2 with continuity correction= 592, df= 1, P<0.02), although the anomalies and mosaicism are too rare to allow much confidence in any statistical association. It is interesting, however, that in a hybridization in which microchromosome loss is rare and occurs late in development, developmental anomalies are also rare and, when they occur, are relatively subtle. Anomalies were extremely rare in the D. virilis x D. americana and Table 5 Thus there is strong, but indirect, evidence suggesting that anomalies result from microchromosome loss. Unfortunately, it would seem prohibitively difficult to obtain more direct evidence on this point. Although one could examine mitotic preparations of anomalous vs. control normal tissue for absence of one of the very small dot chromosomes, this approach seems unlikely to succeed: because anomalies are usually seen in adult eye and wing tissues-which do not polytenizeone has little hope of unambiguously scoring the presence or absence of the tiny D. lummei homologue. While, in principle, molecular tests of anomalous vs. normal tissue might be more likely to succeed, no 6-linked electrophoretic markers are known in D. virilis; similarly, no DNA probes for 6-linked sequences are available. Moreover, such a marker or probe would be useful only if D. virilis and D. lummei showed fixed differences at the relevant locus.
DISCUSSION
It appears that developmental anomalies among D. virilis-D. lummei hybrids are caused by loss of the D. lummei microchromosome during development. The evidence for this is: (1) both microchromosome loss and the anomalies occur non-reciprocally (D. yin/is female x D. lummei male only) and involve a maternal effect; (2) in both cases the maternally-acting alleles from D. virilis act as recessives; (3) the maternal genes causing microchromosome loss are autosomal; the maternal genes causing the anomalies appear to be autosomal; (4) the incidence of both microchromosome elimination and production of anomalies increases with cold temperature treatment; (5) there is a strong association between microchromosome loss (as indicated by glossy phenotype) and the appearance of anomalies; (6) loss of the microchromosome early in development is particularly strongly correlated with appearance of the anomalies.
Although they do not suggest that the hybrid anomalies result from loss of a microchromosome, Heikkinen and Lummei (1989) claim in their recent note that the anomalies involve maternally-acting genes on chromosomes 2 and 5 (no data are presented). Loss of the D. lummei microchromosome apparently involves maternally-acting genes on chromosomes 2 and 4 (mothers who are D. yin/is homozygotes for either chromosome can produce anomalous offspring (Evgen'ev and Sidorova, 1976) perhaps not surprising that the anomalies do not obey two of the known "rules" of speciation: the anomalies do not affect males more than females ("Haldane's rule"), nor involve a large effect of the X chromosome . The anomalies do, however, involve a maternal effect: maternal effects on postzygotic isolation are quite common in Drosophila (Orr, 1989) . Although the specific mechanisms involved are usually unknown (but see Kinsey [1967] ), the basis of the maternal effect seems clear in this case. Mitosis in early development is under maternal control; because at least two maternally-acting "mitosis genes" have diverged between D. yin/is and D. lummei, the late-replicating D. lunimei microchromosome is frequently eliminated during mitosis when present in cytoplasm conditioned by these homozygous D. virilis alleles (Evgen'ev, 1973; Evgen'ev and Sidorova, 1976; Evgen'ev and Gubenko, 1977) . Anomalies apparently arise melanogaster microchromosome (Sturtevant and Novitski, 1941) : eyeless (ey), cubitus interruptus (ci=Gap [Gp] ), and abdomen rotatum (ar) (see Gubenko and Evgen'ev, 1984; Lindsley and Grell, 1968) . Although these similarities may be coincidental, this phenotypic resemblance might be expected if these mutants are loss-of-function mutations.
It is important to note that while the proximal cause of the hybrid anomalies may be "chromosomal", the ultimate cause of the anomalies is nonetheless "genic". That is, chromosome loss results from the inability of maternally-acting genes in D. virilis to interact properly with certain dominant, zygotically-acting gene(s) in D. lummei. Evgen'ev and Gubenko (1977) present evidence suggesting that the latter factor(s) is (are) on the D. lummei microchromosome itself. Thus while the manifestation of hybrid incompatibility is rather unusual (chromosome loss), the cause of this breakdown is quite ordinary: a disruption of normal epistatic interactions between genes (Muller, 1942a) . Dobzhansky (1937) has similarly argued that in most (if not all) animal hybridizations, the failure of chromosomes to pair properly in meiosis reflects a genic, not a chromosomal, incompatibility. In short, one cannot attribute unusual chromosome behaviour in hybridswhether mitotic or meiotic-to structural differences in chromosomes between species, as chromosome behaviour is under the control of genes which may fail to properly interact in species hybrids.
Although mere speculation, maternal control of mitosis in early development could explain the frequent observation of maternal effects on hybrid viability in Drosophila (e.g., Kaufmann, 1940) : hybrid embryonic inviability may result from a breakdown in mitosis (not necessarily involving chromosome elimination). Similarly, frequent maternal effects on hybrid fertility (e.g., Orr, 1989) are not unexpected as the primordial germ cells are set aside early in Drosophila development and so are under strong maternal control (Mahowald et a!., 1976) . It is important to note, however, that even if correct, one must explain why these maternally-acting mitosis/meiosis genes are especially likely to diverge between species, and thus be involved in postzygotic isolation.
Last, these results show that some caution is needed when interpreting the evolutionary significance of unusual morphologies among the hybrids of sibling species. Anomalies in a character obviously show that the similar phenotypes of the two species have different genetic bases, i.e., there has been cryptic divergence in the genes underlying this character. Similarly, anomalies in several characters among hybrids (e.g., missing bristles, heavier trident, and eye-reduction in D.
metanogaster-D. simulans partial hybrids) are usually taken as evidence that there has been extensive genetic divergence (e.g., Muller, 1942b) 
